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by 
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ABSTRACT 

The conventional probe-on-the-rotating-disk concept was used to de- 
termine the surface friction in mineral probe/specimen Interfaces. Nine 
rocks or minerals and two stainless steels were tested in both new (NT) 
and same track (ST) tests under three different pressure environments 
(atmospheric, UHV, and dry nitrogen). Each environment was further sub- 
divided into two testing conditions, that is, ambient and elevated (135° C) 
temperatures. In NT tests, friction was the lowest in an atmospheric 
pressure condition for all rock types and increased to the largest in UHV 
ambient condition except for pyroxene and stainless steel. Friction values 
measured in dry nitrogen ambient condition lie between the two extremes. 
Heating tends to increase friction in atmospheric and dry nitrogen environ- 
ment but decrease in UHV environment with the exception of stainless steel, 
basalt, and pyroxene. In ST tests, friction was the lowest in the first 
run and Increased in subsequent runs except for stainless steel where the 
reverse was true. The Increases leveled off after a few runs ranging i-t-um 
the second to the seventh depending on rock types. The effects of environ- 
ments on the friction in ST tests followed those in NT tests. Possible 
mechanisms of these changes in frictional values are presented based on 
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the frictional traces > surface profiles of the specimens before and after 
the tests, and videotaped macroscopic inspection of some tests. The char- 
acteristics of the frictional traces favor junction adhesion theory of 
friction. Several recommendations for further study are made based on 
this initial research work. 

INTRODUCTION 

The U.S. Bureau of Mines studied problems associated with handling 
in situ materials on the lunar surface under a contract funded by NASA's 
Office of Advanced Research and Technology.^ The objectives of these 
^his work was performed under NASA contract No. R-09-040-001 monitored 
by Mr. J. J. Gnngler from the Office of Advanced Research and Technology. 
studies were to provide support for future manned space missions by 
supplying basic scientific and engineering information concerning the use 
of extraterrestrial mineral resources and materials handling characteris- 
tics. These studies were carried on as a series of coordinated research 
projects at several Bureau Research Centers. 

Friction tests of simulated lunar materials at the simulated lunar 
vacuum were performed in the Rock Physics Research laboratory. Twin Cities 
Mining Research Center. Friction characteristics of mineral (Al20g> on 
rock under laboratory controlled conditions were used to provide basic 
knowledge for future improvements in efficiency of drilling and fragmenting 
of lunar materials. A large volume of Information has been published (l;*^ 
**Underlined numbers in parentheses refer to items in the list of refer- 
ences at the end of this report. 

on the frictional behavior between metal/metal pairs. Research on the 
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rock/rock friction > however, has received very little attention. It was 
not until the early sixties that researchers started investigating the 
frictional characteristics of rock/rock Interfaces O • Since then, 
several studies (6-12j of friction between rock/rock Interfaces under 
various conditions have been made but none of them evaluate the effects 
of the lunar environment. 

This paper presents the experimental results of surface friction be*- 
tween a mineral probe and nine types of rock and two stainless steel speci- 
mens. Friction was measured in atmospheric, ultrahlgh vacuum, and dry ni- 
trogen environments. For each environmental condition two temperature 
levels (ambient and lunar day (135° C)) were considered. For each mineral 
probe /specimen pair, the friction was measured for both new track (NT) and 
same track (ST) tests. In the NT test, the mineral probe traveled along 
a new track for each test in the set whereas the probe in the ST test trav- 
eled along the same track on the specimen surface for c^'ery test in the 
set. The. NT test simulated the friction between a moving object and the 
virgin surface. Any original surface condition which might affect the 
friction coefficient (that is, w< .;r molecules, surface oxide film) were 
present at each test. The objectives of the ST test were twofold: (1) 

the frictional effects on the rock surface caused by gradually removing 
any contaminating layer (for example, water vapor, oxide) and (2) the 
possible effect of cumulative debris generated during each test run on 
the frictional characteristics. 
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Since the exact surface state of rock on the Moon was little known 
at the time this work commenced, the worst possible testing criteria were 
considered to be those conditions which would present an ultraclean sur- 
face indicating a totally outgassed material. Such an ultraclean surface 
condition for the test samples was considered, for purposes of this proj- 
ect, to be the ’’worst case” testing condition. This testing was performed 
on the assumption that the Moon’s exposure to hard vacuum, radiation, and 
particle bombardment over a long geologic time span had produced a lunar 
surface that was totally outgassed to a considerable depth thereby pro- 
ducing rock surfaces that approached an atomically clean condition. The 
intent of the research being presented was to approximate this hypothe- 
sized condition as closely as possible for maximum validity of test re- 
sults. 

E xperimental Apparatus and Procedures 

Equipment used for this research included an ultrahlgh vacuum (UHV) 
system for lunar vacuum simulation to 5 X lO""^^ torr and auxiliary meas- 
urement devices for accurately determining conditions in the UllV chamber 
during testing, a specially designed experimental apparatus for measuring 
friction between mineral /mineral or metal/mlneral pair and associated 
data acquisition system (fig. 1). In addition, a profilometer was used 

FIGURE 1, - Environmental Control System for UHV Friction Studies. 

to measure the surface roughness and wavlness of the specimen before and 
after the tests. 

The detailed design of the UHV system and friction measuring device 
has been published (16) . Eleven specimens were mounted on the periphery 
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of a circular disk (fig, 2), which was rotated at a constant speed during 

FIGURE 2 . - Closeup View of Experimental Friction Apparatus. 

testing. The friction measuring device was designed so that the position 
of the friction probe could be adjusted both horizontally to apply the 
normal load and vertically to vary the track position on the sample. This 
arrangement allowed several hundred tests on either the same or unused 
surfaces during one pump-down. The normal and tangential forces at the 
probe tip were recorded continuously during the testing. 

The sapphire probe used was hemispherical with a radius of 0.032 inch. 
During testing, the position of the probe was fixed with a constant normal 
force of 100 grams applied against the test samples. The test samples 
were moved at a constant speed of 1.8A7 wm/min during each test. The nor- 
mal force was chosen to maximize surface friction while minimizing effects 
caused by ploughing ( • This nominal force was proved valid as sho^^n 
in the TV monitoring to be discussed later. Since friction is dependent 
on temperature Induced at the interface, high speed of specimen rotation 
was not desirable, thus a nominal low speed was chosen. Only one normal 
load at one nominal speed was used to limit the test volume. In each 
test the tangential frictional force and the normal force (100 grams) were 
continuously monitored on separate analog channels as the probe traveled 
on the specimen surface for a distance of approxln\ately lA mm. The tan- 
gential forces will vary from point to point over the specimen surfaces 
tested, whereas the normal force remains constant. Continuous output of 
the ratio of the tangential force to normal force was plotted as a curve 




on a strip chart recorder. The area under this curve was Integrated 
electronically and plotted as another curve to obtain the total area. 

This total area was then divided by the total chart distance covered 
In the test to give the average area under the curve. This average 
area was then converted to the average kinetic coefficient of friction, 

Pj^, through calibration. 

Each friction measurement was performed under several different 
conditions. Three environments — atmospheric, dry nitrogen, and UHV — 
were each used with two different temperatures — ambient and 135^ C. 

All these environments were produced and tests were conducted in the 
same UHV chaii'bet . The chamber provided an Ideal test vehicle even at 
atmospheric condition because it prevented fluctuations which might 
otherv;lse be caiised at the strain gage bridges by convective air cur- 
rents. A supplementary air conditioner and a dehuroldifier were used 
to help control the ambient environmental conditions. Temperature v»as 
maintained at 22° +1° C In the laboratory. The UHV system was never 
opened when the relative humidity exceeded 35 pet (6.8 g/cu m of v/ater 
vapor, absolute), at 22° C. 

All hr tests performed at ambient or elevated temperature in UHV and 
atmospheric conditions consisted of sets containing 10 to 20 measurements 
for each sample. Since quartz was used as a standard reference the largest 
data sets were obtained for this material. The sets for atmospheric prea- 
sure at elevated temperature and dry nitrogen ambient and elevated tempera- 
;.ure conditions consist of one, two, and three measurements, respectively. 
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because they prove to be within the trend Indicated by earlier tests In 

the other environmental conditions. In ST testing, friction results were 

only obtained under dry nitrogen and UllV conditions. Only one s<’' " data 

0 

t 

was obtained for each sample, that is, tests were performed or i'ne tra 
and consequently the friction data shown later were not the average values 
of several measurements as those in NT tests. A set of data consist:; of 
3 measurements for dry nitrogen at elevated temperature and 6 measurements 
for dry nitrogen at ambient condition, whereas 10 to 16 measurements were 
made under both UHV ambient and elevated temperature conditions. 

Specimens and Specimen Preparation 
Based on the results obtained by others (13- 14) from lunar photom- 
etry, radar, and telescopic observation, the U.S. Bureau of Mines, Twin 
Cities Mining Research Center established a standard suite of Igneous 
rocks (15-16) which most closely simulate the lunar materials. Among 
these rock types, the tholciitic basalt was closest to the chemical 
analysis of the returned lunar materials (16) . Accordingly, tholellfic 
basalt was chosen as the major test material. Ttie other materials 
chosen for this study were major minerals within basalt or they provided 
reference points which could be verified in the literature. Andesine, 
feldspar, labradorlte, magnetite, and pyroxene fall into the first cate- 
gory whereas quartz and stainless steel fall into the second one. Two 
types of stainless steel specimens were used: one xtith surface polished 
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with 0.03 ym AI 2 O 2 , and the other with 40 yra AljO^. Dacltc was chosen 
for this study also, because of its outgassing characteristics, even 
though it does not fall into either of the two categories mentioned. 
Outgassing effects were considered essential to stabilize samples at 
equilibrium with the vacuum environment. Therefore, a considerable 
effort was made prior to beginning the frlct.on testing to establish 
these outgassing characterlrtics. This work, reported earlier (17-18) , 
showed that daclte outgasses very e slly due to its high porosity while 
basalt outgasses more slowly since it is much denser. This means that 
daclte cleans up interstitlally in the UIIV quite easily while the basalt 
keeps recontarainatlng the surface by Interstitlally contained water vapor 
nlgrating to the surface. This effect is readily seen In some of the 
data presented later. 

To moot nearly approach the pristine lunar condition during UllV 
testing, specimen preparation was very carefully controlled. All sizing 
and finishing was done using only water as tlic lubricant. While this is 
not a desirable clement in the finished specimen It is easier to handle 
than vegetable base oils which are not as easily baked out. The samples 
were cut in thin slabs (1/8 Inch thick by 1-1/2 Inches long by 3/4 inch 
%rlde) froa the bulk material. The surfaces were lapped by stages to a 
final finish with 400 mesh AI 2 O 3 (40 ym). All surfaces, except one stain- 
less steel reference specimen, received the sane surface finish. The 
steel reference specimen had a surface polished with 0.03 ym AI 2 O 3 . The 



relative surface textures for ail of the test samples are shown In figure 3, 


FIGUPE 3. - Enlarged (X 10) View of the Specimens Showing Relative Sur- 
face textures; A* Sample Wheel V/ith All Specimens Mounted 
/ 

in Position (X 1/3), B, Andesine, £, Basalt, D. Daclte, 
Pink Feldspar, F. White Feldspar, £. Magnetite, H. 
Labradorite, Pyroxene, Quartz, K. Stainless Steel, 
and L, Stainless St, el (Polished). 

Figure 3A shows the sample wheel with all samples mounted for direct com- 
parison. The remaining figures are enlargements (X 10) of the surfaces 
to show the individual textures. After polishing, these specimens were 
placed Ip a low vacuum oven (10 ^ torr renion) flnd baked at 13*3 C for 
several weeks. Since the tuaxiinum temperature on the lunar surface his 
been found to be 135° C, the specimen condlflonlnc and any bnkcout In 
the OHV system did not exceed this temperature. After thin ej:ten 5 ivo 
bakeout for initial deg.issing, the vacuum oven was backfilled vi h a 
prepurified (ultra dry) dry nitrogen. The dry gas filled aj.1 voids, 
pores, and interstices in the spaclncns during cooling and helped pie- 
vent more than surface water vapor contamination during final transfer 
from the oven to the UHV system. 

EXPEKIMEHTAL RESULTS (ST, NT) 

Figures A and 5 show the typical traces of kinetic coefficients of 
FIGURE 4. - Typical Dynamic Friction Traces for Atmospheric Room Tempera- 
ture Condition. 

FIGURE 5. - Typical Dynamic Friction Traces for UIIV Room Teniperature 

Condition. 


friction of daclte, quartz, and stainless steel at atmospheric anu UilV 
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FIGURE 4. - Typical Dynamic Friction Traces for Atmospheric Room 
TemDcrature Condition. 






room environments, respectively. The instantaneous coefficient of fric- 
tion varied from point to point on the specimen surface vith the varia- 
tions often being very large. This was especially true for dacite and 

/ 

stainless steel specimens. The variations for quartz were much smaller. 

The areas under these curves were electronically integrated over the 
testing distance (1.5 cm) from which the median value was calculated to 
provide the kinetic coefficient of friction. Figure 6 shows the average 
FIGURE 6. - Average Friction Values for New Track Test in Three KnvironmentsT 
values of friction (Pj^) for all samples as a function of the environmental 
conditions for the NT tests. The black dots show the mean of that data 
set and the vertical bars represent the range of data obtained. A set of 
data may include 3 to 30 measurements depending on rock types and repro- 
ducibility (see appendix A) . The deviation from the mean was the least 
under ambient atmospheric environment and greatest under UllV ambient tem- 
perature environment. Friction was lowest for all rock types under at- 
mospheric ambient environment increasing slightly when heated to 135^ C. 
Friction reached maximum with specimens under UHV room environment and 
dropped slightly when they were heated to 135° C under UUV condition with 
the exception of stainless steel and pyroxene. When the UHV condition 
was changed by backfilling the chamber with dry nitrogen, the friction 
values were between the two extremes of atmospheres and UHV conditions 
for all rock types tested except for pyroxene and stainless steel. 

Under the nitrogen condition, as the temperature was increased friction 
Increased or decreased depending on rock type. 




FIGURE 6. - Average Friction Values for New Track Test in Three Environments 
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Figures 7 to 12 show the results of ST tests. For mineral and rock 
FIGURE 7. - Friction Measured Under Same Track Tests for Basalt and 
Magnetite • 

FIGURE 8. -> Friction Measured Under Same Track Tests for Dacite and 
Labradorite. 

FIGURE 9. - Friction Measured Under Same Track Tests for Feldspar. 

FIGURF 10. - Friction Measured Under Same Track Tests for Stainless Steel. 
FIGURE 11. - Friction Measured Under Same Track Tests for Quartz and 
Pyroxene. 

FIGURE 3 2 . - Friction Measured Under Same Track Tests for Andesine . 

specimens, the friction increased during the first several runs and then 
tended to level off regardless of the environmental conditions under which 
tests were conducted. The stainless steel did not show this pattern but 
indicated a continuous decrease instead. The rate of increase during the 
initial runs on mineral and rock specimens and the numbers of the run 
where friction begins leveling off differed with each sample type. Gen- 
erally speaking, the shapes of the curves for a particular sample show a 
common trend under different testing environments. 

DISCUSSION 

Friction measured at atmospheric ambient environment during NT tests 
VSLB generally the lowest for all sample types in any environment and had 
the smallest scatter in each set of data. This was due to the existence 
of water vapor and other contaminating films, that is, oxide, which act 
as lubricants on the specimen surfaces il-2 ) . With the exception of stain- 
less steel and pyroxene, friction was highest for all sample types when 
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FIGURE 9. - Friction Measured Under Same Track Tests for Feldspar 
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FIGURE 11* • Friction Muasured Under Same Track Tests 1 
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tests were conducted In UHV ambient temperature condition. This Increase 
In friction value varied for each sample typo but ranged from twice that 
obtained in atmospheric ambient temperature condition for quartz to 3.6 
times for polished stainless steel. These increases in friction were 
presumably due to the highly cleaned surfaces produced In UHV by reiroval 
of surface water vapor and other couLaminauLs (19) . thus more intimate 
contact at the ralneral/rock or mineral /metal interface was achieved. When 
the UHV testing chamber was backfilled with dry nitrogen at .ombient tem- 
perature, the frictional values remained approximately the same as those 
obtained in UHV ambient temperature condition for quartz and stainless 
steel, bu'. increased for pyroxene and decreased for basalt, daclte, labra- 
dorlte, and magnetite. These mixed effects for different rock types may 
be partially caused by some inevitable water vapor contaminant in dry 
nitrogen although the manufacturer claims that the dew point of the pre- 
pure dry nitrogen la better than -90° F. When specimens tn these three 
environments arc heated to lunar day temperature (135° C) , several physi- 
cal and chemical effects could occur in the specimens to c.iange the fric- 
tional values. These effects include the reduction in strength of the 
asperities, interstitial water vapor driven to the specimen surfaces, and 
a change in character of the existing contaminating films, thereby causing 
changes to occur in the adhesive strength of the contact junctions at the 
interface (1). In the atmospheric elevated temperature condition, the 
friction was larger than that in atmospheric ambient temperature condi- 
tion for daclte, quartz, and stainless steel. The same Increases in fric- 
tion were seen for dry nitrogen ambient to the dry nitrogen elevated tem- 
perature condition except for basalt where considerable decrease occurred. 
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The Increase in temperature in these two conditions (atmospheric and dr> 
nitrogen) removed more water vapor from the specimen surface tlian arrived 
from the interstitial , water vapor. Additionally, although the asperity 
strength was weakened appreciably (20) , it is hypothesized thct the net 
effect was an increase in adhesion strength of the junction contacts due 
to characteristic' 'changes of the contaminating films, Tn basalt, the 
dotnin'^ting factor seemed to be a summation of both effects. Since the 
low porosity of basalc provided slower outgasslng it is possible that 
sufficient contained water vapor remained Interstl tially to provide a 
lubricating film in addition to the decrease In asperities strength 
accounting for a marked decrease in frict Inn. In UHV elevated temper- 
ature condition, the specimen surfaces were presumably at least as clean 
as those In UHV ambient temperatur condition because the interstitial 
water driven to the surface tended to vaporize more readily. Therefore, 
the decrease in friction in UHV elevated temperature* as compared with 
those in UHV ambient condition for most rock types was likely due to the 
decrease In asperities strength ^,20) . No effect on asperities strength 
would be expected for stainless steels at this low tempo '.icure. The reason 
for the reverse effect on pyroxene is unknown at this time. The visible 
track marks shown only in these specimens (fig. 31- 3L) indicate that plough- 
ing action could play a large role. 

Under the ST tests, with the exception of .^cainlete^ steel the fric- 
tion value on the firrt test was always the lowest. It increased elthex 
gradually (for example, quartz) or sliarply (for example, white feldspar) 
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depending on sample types during each subsequent run. The friction be- 
came stabilized at some higher value at a point between the second run, 
(white feldspar) and the seventh run, (labradorite) . Stabilized friction 
values were! 1.98 times the first run for basalt, 1.8 for dacite, 1.39 
for quartz, and 1.16 for pyroxene. A videotape made through a microscope 
at X 50 indicated that normally no visible debris was generated by the 
probe and specimen contact. This did not preclude the production of 
microscale dust particles, however, which might accumulate during each 
tun and increase the friction and wear during succeeding tests. Another 
event occurring simultaneously during the time the prcbe travels along 
the same track was the damage to the contaminant film. The film was re- 
moved or depleted until the friction reached its highest point and stabil- 
ized. These two factors contributed to the highest stabilized values of 
friction which were obtained in this research. 

The general trends of environmental effect on friction in rock/rock 
or rock/nineral interface as seen in NT tests were repeated in the ST tests 
for andesine, basalt, dacite, white feldspar, magnetite, pyroxene, and 
quartz. Reverse trends were seen for the other samples. This did not 
mean the conclusions for the NT test were invalid, because test data in 
UHV room temperature condition had the largest scatter (fig. 6) and the 
data in ST test represented only a single test run. As shown in figure 
10 an opposite effect was seen for stainless steel. Friction on the 
first rur was the highest and decreased linearly during the subsequent 
runs. The reduction in friction, however, did not seem to reach stabili- 
zation within the test runs. 
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Surface profiles of the specimens tested were mapped both before and 
after the tests. In figure 13 typical surface profiles for polished staln- 
FIGURE 13. - Typical Surface Profiles Used to Obtain Average Surface 

Roughness (C.L,A) , 

less steel, quartz, and dacite are shown. They were traced along sections 
perpendicular to the frictional tracks. No significant waviness was found 
for any specimen. No trace of friction tracks left behind by the probe 
was detected for any specimens except the stainless steels, pyroxene, and 
quartz. The other surface profiles, therefore, appeared essentially un- 
changed, The average surface roughness for each specimen is shown in 
table 1 together with Shore hardness measurement, Dacite was the roughest 
with 165 yin while the pollslied stainle'^.s steel was the smoothest with 
0.394 yin. The apparent inverse relationship between Shore hardness and 
roughness indicated that the harder the specimen, the smoother the surface. 
Since all the specimen surfaces were prepared by using 40 ym lapping com- 
pound, the discrepancy in final surface roughness can be attributed to 
materials inhomogeneity and porosity. The harder components erode less 
while the adjacent softer components (matrix) wear more, and the more por- 
ous the material, the rougher the average value of the final surface appears. 
No direct correlation between surface roughness and friction was found, but 
this was expected based on works of others . 

The videotaped friction experiments mentioned previously were done to 
provide a more detailed study of the mechanisms of friction. A photograph 


TABLE 1. - Average surface roughness and S h ore hardness 
(probe radius equals 0.0005 in) 
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taken of the TV playback (fig. lA) shows the friction probe sliding on 

FIGURE 14. - Videotape TV Display of Friction Probe on Pad to. 

daclte. The probe ha^ a dark tip due to the light angle. No * ls-*b^e wear 
was found along the full track under normal conditions except, however, duo 
to high porosity in the dacite. This porosity usually provides several 
pits along the track. Wlien the probe drops into a pit, such as that seen 
to the upper right of th^ probe, it :aay produce chips at the leading edge 
and the normal load may be proportionally reduced if the , IL is very lary,e. 
The automatic data acquisition was so designed that the instant value of 
both normal and frictional force were used for obtaining the friction traces 
shown in figures 4 and 5 and any change in load would not cause a major 
variation in the average value of friction. 

Current friction theories all state that the interface of two solids 
in contact consists of minute junction spots which carry the full load im- 
posed at the interface. Therefore, the true contact area is always mtuh 
less than the apparent geometric area. The existence of contaminant films 
between contacting junctions at the Interface will cause further altera- 
tion in the true area of probe/specimen contact. Friction is the average 
value of the forces required to shear these junctions which are continuously 
being formed and broken during the course of sliding. Two basic phenomena 
may be associated with this average value of friction. One is that sliding 
on these junctions must be a disetete, discontinuous process. The numerous 
peaks and valleys on friction traces shown in figures 4 and 5 substantiate 
this* The other phenomenon is that the cleaner the surface, the more in- 
timate contact becomes between the Junctions which provides an increase in 
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friction. This was also observed In the study. Under UHV condition the 
surface is superclean resulting In more Intimate junction contact. As a 
result, the friction ynder UHV is much higher than that under atmospheric 

t 

condition. One specific point which deserves mention Is that study fol- 
lowed the tradition in friction research by presenting the results in 
terms of a single-values friction coefficient. Since the coefficient of 
friction varied over a wide band (figs. 4-5), this single-valued ""rlctlon 
number did not contain any information about the number of occurrences 
or magnitude of any given peak or valley in the friction traces. There- 
fore, two materials with the same average coefficient of friction (Uj^) 
can have two very different friction traces (figs. 4-5) and will wear or 
fragment in very different ways ultimately. 

CONCLUSIONS 

It has been shown that environment definitely affects the measured 
frictional values for mineral /mincivil , mineral/rock, or mineral/rock inter- 
faces* The drier the surface, the higher the friction and this was true 
for all rock types tested. The increase in friction between atmospheric 
and UHV ranged from 2 to 3.6 for the sample types tested. The effect of 
temperature was positive in atmospheric pressure but negative in the UHV 
condition. 

The mechanisms and extent of Influence that the different environments 
and temperatures had on friction are complicated and are highly dependent 
on the material properties such as the fabric, porosity, and penneabillty. 
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Repeated traveling along the same track usually increased the friction 
regardless of testing environments. The increase tended to stabilize 
between the second and seventh run. 

f 

/ 

The junction theory of friction seems applicable to the friction 
between probe/mineral interfaces evidenced by the numerous peaks and 
valleys occurring* along the friction traces. 

Since the Apollo missions seem to confirm the worst case condition, 
which was assumed in the original premise of this research, it appears 
that the experimental conditions nearly approximated those of the lunar 
surface. Drilling and other fragmentation techniques in the lunar en- 
vironment may require changes in techniques due to the increased friction, 
Tliis increase will be less in lunar day temperature for works involving 
friction of mineral on rock, or rock on rock, than In lunar ambient tem- 
perature condition, but larger for work with miner al/motal or rocK/metal 
contact. This will be true for both surface and subsurface endeavors 
and will include fragmentation by drilling and other techniques. 

RECOMMENDATIONS 

Based on the results of this initial effort, several areas of fric- 
tion In mlncral/rock, metal/rock Interfaces need further investigation. 
These include the mechanisms of friction and the effect of temperature. 
This work should be enlarged to include a study of static friction, stick- 
ing frequency, and magnitude of sticking and their relation to fragmenta- 
tion and wear. The mechanisms of friction must be Investigated by direct 
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correlation of friction traces with the microstructures of the specimen 
along the testing track. This could be assisted by videotaping through 
a microscope of the fi^lctlon test to provide an enlarged view of the inter-- 

f 

face area. The temperature effect should be Investigated by studying the 
chemical and physical changes in specimen surface which may alter the ad- 
hesive strength of the junction contacts as a result of temperature change. 
Before performing the friction tests, the physical properties of ^abrlc, 
porosity, and permeability should be thoroughly investigated for the speci- 
mens being used. 

Additional research is also needed to relate friction to fragmonra- 
tlon and wear in an applied manner. This effort should be extended to in- 
clude loads between 5 and 35 pounds on the probe. This would then allow 
direct correlation of friction to drilling since exactly similar environ- 
ments and sample handling techniques may be used with the UHV drill sys- 
tem. Such an approach in the laboratory to fragmentation, wear, and 
drilling would use controlled conditions to define the precise parameters 
needing field assistance. 
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APPENDIX A 

This appendix lists all the frictional values used for analysis of 
mineral probe/specimen interfaces measured under different environmental 
conditions. The test number In the first column of NT tests indicates 
the measurement number in ench data set while those of ST tests indicates 
the number of repeated tests run on one track. Only those sets oi data 
in NT tests which consist of more than 10 measu.:cments arc statistically 
analyzed and listed across the bottom of the appropriate tables. 
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